Abstract. The present work deals with the volumetric solvent swelling of the cross-linked macromolecular organic matter (kerogen) of
Introduction
Solvent swelling is a simple and useful technique for determining the solubility parameters of cross-linked polymers, for characterizing solventpolymer interactions, or, using suitable theoretical models, for calculating cross-link densities and molecular weights between cross-links of polymeric networks [1] [2] [3] . Volumetric solvent swelling has also been adapted for characterization of complex macromolecular organic structures from solid fossil fuels such as coals and oil shales (for oil shale [4] [5] [6] ). These studies have been mostly aimed at improving the background knowledge of conversion of solid fossil fuels to liquid fuels and energy. While coal has been of continuous commercial interest over the past century, oil shale development has been quite chaotic (with the exception of a few locations such as Estonia, Brazil and China). However lately, due to the increasing search for alternative liquid fuel sources, commercial utilization of oil shale resources has gained more attention. Some general technical characteristics of oil shales and oils can be found from [7] [8] [9] [10] [11] .
The organic matter of an oil shale consists primarily of a heterogeneous macromolecular structure (called kerogen) and is practically insoluble in organic solvents at room temperature. The yield of solubles, or non-macromolecular extractables, from kukersite oil shale in typical organic solvents does not exceed 1.5% of the organic matter [12] . Hence, while the extraction processes can influence the thermodynamics of swelling processes (by changing solvent activity), there is not an experimental measurement difficulty caused by significant mass loss during swelling of these materials, if the solvent is changed so as to keep the concentration of extractables low.
Although there have been a considerable number of experimental investigations on oil shale kerogen swelling in single solvents, there are few data found covering swelling in binary solvent mixtures. This paper is an extension of the earlier work from this laboratory [13] and is aimed at giving further insights into the mechanism of solvent swelling of kukersite oil shale kerogen in binary mixtures. This experimental study has been extended to examine the swelling in binary mixtures in two-step swelling procedures in which swelling was performed first in one solvent followed by the addition of a second solvent in order to obtain a desired solvent mixture composition in the swelling tube.
Experimental

Oil shale sample and solvents
The oil shale kerogen sample used was isolated from kukersite oil shale by a flotation technique [14] . The concentrated sample had a 91% organic matter content. The elemental composition of the organic matter was 73.3 wt.% C, 8.8 wt.% H, 1.6 wt.% N, 16.3 wt.% O + S (by difference), determined using an Exeter Analytical model CE440 elemental analyzer. The samples were ground to a particle size smaller than 100 µm. All samples were pre-dried 1 hour at 105-110 °C in air (a standard oil shale drying procedure) before swelling measurements.
The solvents used in preparing the binary solvent mixtures were all reagent grade. Some solvent characteristics of interest in this study are shown in Table, including total (or Hildebrand) solubility parameter [15, 16] , Gutmann's electron donor (EDN) and electron acceptor (EAN) numbers [17, 18] , and molar volume [19] . The EDN and EAN are empirical parameters. For example, the EDN is experimentally determined as the negative ∆H-value for the 1:1 adduct formation between SbCl 5 (reference) and the solvent molecules in dilute solution of 1,2-dichloroethane [20] . 
Swelling procedure
In this study a simple and widely used test tube-based procedure was used that involves solvent swelling of a powdered sample with swollen sample centrifugation. General details of the experimental procedure (test-tube dimensions, centrifugation conditions) are the same as those applied previously for kukersite kerogen swelling in single solvents [21] or in prepared binary mixtures [13] . In the two-stage swelling procedure used in this study the kerogen sample (up to 0.25 g in the test tube) was first swollen to equilibrium in one solvent. The complete earlier described procedure for swelling in single solvents was followed (for details see [13] ). Then, in a second stage, a different solvent was added in the amount needed to obtain the desired final solvent mixture composition. The following two different types of experiments were carried out at this second stage.
In the first, a large excess of the second solvent was added so that after the second stage both solvents were in considerable excess relative to the pure component swelling-related solvent uptake by the kerogen. For this, the solvent above the swollen kerogen sample, swollen to equilibrium in the first solvent, was removed from the tube with a syringe. The amount of solvent left in the swollen sample (between and inside the kerogen particles) was measured gravimetrically. After adding the second solvent the system was mixed well, centrifuged and allowed to swell to a new equilibrium state. The final height of the sample was then measured after allowing 48 hours of swelling in the solvent (for results see section 3.1). Due to experimental limitations (mainly the test tube volume limitation) these experiments were conducted only in the concentration range of the second solvent of 20-80 mol%.
In the second type of experiment, only a drop of the second solvent was added to the test tube after the first stage (using an automated pipet). The system was then mixed and centrifuged, and the swelling equilibrium was measured after 48 hours. Then the sequence was repeated until the second solvent concentration reached almost 5 mol%, on the basis of total solvents added to the system (for results see section 3.2).
The volumetric swelling was characterized by the usual experimental volumetric swelling extent parameter, the volumetric ratio Q exp , defined as the final swollen volume (or swollen bed height after the second swelling step) divided by the initial unswollen volume (or initial dry bed height) (see [13] ). The repeatability of Q exp for the two-step procedure used in this study was ± 0.03.
The calculation of Q exp from experimental data was based on a commonly accepted assumption of a constant void volume fraction, i.e. the void volume fraction in the swollen sample was expected to be equal to that of the initial dry sample. Our latest study on swelling in single solvents suggested that centrifugation caused the swollen sample to be packed more tightly and the actual or true swelling ratio was higher than the one measured by the testtube method [22] . The study also indicated that the extent of compaction depended mostly on the amount of solvent absorbed by the kerogen, and the relationship between the actual swelling ratio and the difference (∆Q) followed approximately an exponential trend. Therefore, the following empirical corrective equation is derived from the data of reference [22] :
The Q cor stands for a corrected, or actual, swelling ratio. In order to get the most reliable fit suitable for the present study, the constants in the equation were obtained by forcing the exponential fit curve to go specifically through the data points for benzene and NMP. Due to the considerable scope of error, the Q cor values are shown mainly as an illustration of the consequence of sample compression during centrifugation.
Results and discussion
In previous studies [21] [22] [23] on kukersite oil shale kerogen swelling in single solvents it was observed that the maximum swelling occurred in high electron donor number (EDN) solvents such as propylamine and 1-methyl-2-pyrrolidinone (NMP). The molar solvent uptake by kukersite kerogen is shown in Figure 1 as a function of the EDN of solvents used in this study. The value of solvent molar uptake was calculated from Q exp as exp
where V M is the solvent molar volume (for values see Table) . The figure shows the same general trend observed previously for kukersite oil shale swelling in 22 pure solvents [21] , and emphasizes that high EDN solvents are effective in breaking kerogen-kerogen non-covalent bond interactions (such as hydrogen bonds), resulting in maximum swellability. It also shows that there is a limiting molar uptake of high EDN solvents by the kerogen macromolecular structure (see [24] ). (5) propylamine (EDN value in this case is taken to be the same as that for ethylamine). The parameter V M is solvent molar volume, as given in Table. 
Swelling in binary mixtures over the whole concentration range
Figures 2 to 4 compare the results from the two-stage swelling experiments with those obtained from the earlier reported binary mixture experiments involving direct single-step exposure to pre-prepared binary solvent mixtures (for details see [13] ). Open points correspond to experimental Q values (noted as Q exp ) measured using the test-tube method and, for illustrative purposes, the solid points show corrected Q values as discussed above (noted as Q cor ). Three solvent mixtures (benzene and n-propanol; benzene and NMP; n-propanol and NMP) were selected here because these result in different kerogen swelling behaviors in prepared mixtures, as seen and interpreted in our previous paper [13] . The following is a brief summary of interpretations given in that study [13] : in the case of the pre-prepared benzene-NMP mixture, a small amount of high EDN solvent NMP (less than 10 mol% of NMP) increases swelling to approximately the level of pure NMP due to the NMP's ability to reduce apparent cross-link density involving dissociating kerogen-kerogen non-covalent cross-links, i.e. hydrogen bonds. In the case of the pre-prepared benzene-propanol mixture, the swelling behavior can be explained as an interplay between the ability of the weaker (than NMP) donor n-propanol to disrupt kerogen-kerogen noncovalent cross-links and a mixture solubility parameter mismatch. (According to classic thermodynamic swelling theories, the maximum swelling occurs when values of the solubility parameters of the macromolecule and of the solvent mixture do match). In the case of the propanol-NMP mixture, the swelling behavior is believed to be influenced by the ability of n-propanol to act as an electron acceptor (EAN = 37.7; EDN = 19.8) relative to the strong electron donor solvent NMP in the mixture. Again, the pre-prepared mixture swelling experiments were done by the method previously described [13] , whereas in the two-stage swelling procedure of interest of this study, the swelling was performed first in one solvent followed by addition of a desired amount of a second solvent achieving a desired solvent mixture composition in the swelling tube. For the two-stage swelling, in the case of benzene-npropanol and benzene-NMP mixtures, benzene was the first solvent added to the tube, and in the case of the n-propanol-NMP mixture, n-propanol was the first added solvent. Figures 2 to 4 show similarities in the trends in the results from both types of experiments: for the same solvent pairs the swelling behavior of kerogen follows quite similar trends as a function of solvent composition (composition based on solvents added to the test tube). Also, the maximum extent of swelling is comparable, regardless of how the experiments are conducted, though the absolute values from the two types of experiments are often clearly different. Although the differences seen are modest in extent (keeping in mind the ± 0.03 deviation for two-step swelling and ± 0.02 for pre-prepared mixture swelling), these results might still be significant in terms of signaling a possible path dependence of the swelling process. For example, Figure 2 shows that when the n-propanol is added after the kerogen has first been swollen in benzene, low concentrations (< 40%) of n-propanol are not particularly effective in increasing the swelling to values above those for benzene by itself, while above 50 mol% equivalent in the final mixture of the sequential experiment, the swelling is always comparable to that from the experiment in which the two solvents are added at the same time. This could reflect the fact that the n-propanol cannot be readily absorbed by the benzeneswollen kerogen matrix, until the chemical potential of the propanol exceeds a critical value. There is a large solubility parameter mismatch between these two solvents (see Table) , though they are miscible. The observed behavior, in case of which kerogen is more effectively swollen by an equimolar solvent mixture than in the sequential exposure experiments, mirrors other results obtained by swelling coal with methylnaphthalene (a non-specifically interacting solvent, like benzene) and methanol (a specifically interacting solvent, like n-propanol). In these latter experiments, immediate exposure to the mixed solvent resulted in a higher asymptotic swelling than sequential exposure, regardless of which solvent was used for the initial swelling [25] . Such pathdependent swelling behavior is not unique to the cross-linked organic matter of fossil fuels. Such hysteresis-like behavior has been observed in the swelling of cross-linked polystyrene resins in binary solvents [26] . It should be kept in mind that we believe that the results shown in Figure 2 are not kinetically determined, in that enough time has been allowed for the system to reach apparent equilibrium.
On the other hand, it is important to note that, due to kerogen's capabilities to selectively uptake solvent from the solvent mixture [13] , it cannot be unequivocally claimed that the solvent compositions shown in Figures 2  to 4 for the two different experiments are identical, insofar as the actual liquid concentrations were not measured here. For example, in one preliminary experiment we determined directly the change in solvent concentration during kukersite swelling in pre-prepared binary mixtures of propanol:benzene (at 10:90) by gas chromatography. The experiment showed that the solvent mixture concentration above the swollen kukersite changed by about 2% (from 10:90 of propanol:benzene to 8:92), indicating that the estimated solvent composition contained within the swollen network was about 20:80, thereby confirming the existence of selective uptake, even in the case of solvents with weaker donor strength such as propanol (EDN = 19.8). Thus it is likely that some of differences between the two different types of experiments in Figures 2 through 4 are attributable to differences in uptake of the two components, despite plotting of the points from the two different experiments at the same nominal concentrations. Still, the similarity of the trends with composition are so striking that it is unlikely that differences in amounts of uptake in the two experiments can explain the observed absolute differences. Figure 5 presents the results of experiments in which the second solvent was added by sequential drops to the pre-swollen sample. These experiments are similar to those performed by Larsen et al. on coals [27] . Like the coal studies, Figure 5 shows swelling ratio profiles where the swelling ratio data are plotted as a function of millimoles of second solvent added per gram of dry kerogen. The non-polar (non-specifically interacting) solvent toluene was chosen as the base solvent, i.e. as the solvent for the first swelling stage. Two different strong EDN solvents, NMP (EDN = 27.3) and propylamine (EDN = 55.5), were used as swelling-promoting solvents in the second stage. While in the first series of experiments described in the previous section, following the second swelling stage both solvents were in excess relative to their kerogen uptake capacities, then here the second solvent, the one added dropwise, can be in deficit relative to the capability of the kerogen to imbibe it.
Drop based swelling experiments
The two experimental swelling ratio profiles (open squares for NMP and open circles for propylamine as the second solvent) in Figure 5 show similar trends to each other and also qualitatively similar trends to that described by Larsen et al. [27] for coals -addition of small amounts of high EDN solvents can result in increased swelling of a network that was previously in equilibrium with respect to a non-specifically interacting solvent. In the earlier coal studies, this increase of the swelling ratio upon addition of high EDN solvent was explained by the solvent's ability to act as a hydrogen bond (or other strong electron donor-acceptor) breaker. This led to reducing physical macromolecule-macromolecule interactions, reducing effective network cross-links and rendering the structure more elastic. In this way, the entropic favorability of solvent imbibition manifests itself, as there is no longer as large an enthalpic penalty for swelling the network structure by greater solvent uptake. The same phenomenon is likely responsible in the system in this study.
Moreover, in the earlier coal studies it was also determined, by gaschromatographic measurements, that all the added high EDN solvent was completely absorbed into the macromolecular swollen coal structure, up to some specific limiting concentration (measured in millimole of high EDN solvent per gram of coal), with the specific concentration depending on the coal used. Assuming that the complete absorption of high EDN solvent can occur also in kukersite kerogen swelling, then the lines in Figure 5 correspond to "hypothetical swelling increase" that could be caused only by absorption of all drop-wise added strong electron donor solvent (NMP -a solid line, propylamine -a dashed line). It can be seen from Figure 5 that initially (below 1 mmol of solvent added per gram of kerogen) the increase in swelling ratio (Q exp ) is clearly larger than could be accounted for by uptake of the swelling promoting solvent alone. Again, the open points (Q exp ) are the experimentally measured values, and the corresponding lines correspond to a system where no compaction occurs during swollen sample centrifugation. Therefore, for illustrative purposes, the corrected swelling ratios for NMP as a second solvent are also shown as solid points in Figure 5 . This comparison illustrates the consequence of the greater elasticity of the swollen network right away at the smallest amounts of added second solvent, as it is network elasticity that also results in greater compaction.
Conclusions
The observation that significant extents of swelling of kukersite kerogen macromolecular organic matter are achievable only in the presence of strong electron donor number (EDN) solvents, which are able to disrupt specific kerogen-kerogen interactions, such as hydrogen bonds, is supported by the results of this investigation.
Small amounts of specifically interacting high EDN solvents, such as NMP and propylamine, can act as promoters for increased swelling when added to pre-swollen samples in the non-polar (non-specifically interacting) solvent such as toluene. This is consistent with observations from earlier studies on coal macromolecular networks.
Over the whole concentration range, regardless of how the binary mixture based solvent swelling experiments were conducted (using pre-prepared mixtures or the two-step swelling procedure), the swelling behavior and the maximum extents of swelling obtained were comparable. In terms of maximizing the swelling, the binary solvent mixtures did not perform any better than pure strong electron donor solvents, such as NMP or propylamine.
